Maintenance of intraluminal pH near neutrality during digestion of food is important for several reasons. The in vitro activity of the three major pancreatic enzymes -lipase, trrpsin, and amylasedecreases markedly with pH.' Glycine conjugated bile acids precipitate out of aqueous solution below pH 5, whereas taurine conjugated bile acids precipitate only below pH 2.3 The partitioning of fatty acids into the aqueous phase in vitro also decreases markedly as the pH is reduced below 6.4
Maintenance of intraluminal pH near neutrality during digestion of food is important for several reasons. The in vitro activity of the three major pancreatic enzymes -lipase, trrpsin, and amylasedecreases markedly with pH.' Glycine conjugated bile acids precipitate out of aqueous solution below pH 5, whereas taurine conjugated bile acids precipitate only below pH 2.3 The partitioning of fatty acids into the aqueous phase in vitro also decreases markedly as the pH is reduced below 6.4 The in vivo effects of jejunal hyperacidity on fat digestion have been shown in a patient with Zollinger-Ellison syndrome.5 Greater precipitation of glycine conjugated bile acid occurred in jejunal samples of low pH, while lipase was 50% inactivated below pH 5 . Bile acid precipitation and lipase inactivation together led to reduced solubilisation of lipid in the aqueous phase.
Early studies of intraluminal digestion in health showed that the pH of postprandial samples aspirated from the duodenum was always above 568
suggesting that bile acid precipitation and lipase inactivation would not occur. pH probe studies in health, however, have shown that duodenal pH falls below 5 for about one third of a 100 minute postprandial period. 9 The physiological effect of this has not been studied previously. The purpose of the current study was to determine whether acid mediated bile acid precipitation and lipase inactivation occur in health, and if so, whether they affect lipid solubilisation. The study involved the comparison of pancreatic enzyme concentration, bile acid precipitation, lipolysis and lipid solubilisation between samples aspirated at different pHs. To facilitate this comparison, samples were pooled according to their pH in three pH pools: pH<5, pH [5] [6] , and pH>6.
In order to investigate lipid digestion and solubilisation in intestinal contents it is essential to arrest lipolysis in samples immediately after aspiration, as lipolysis proceeds rapidly at room temperature.'( 1 1 Most investigators have used the method of heat inactivation at 70°C first described by Hofmann This experiment was performed to compare the effects of the conventional heat inactivation technique and of our acid inactivation technique on lipolysis and bile acid precipitation. Six subjects were involved in the first part of the experiment, and eight in the second.
Intubation and meal
After an overnight fast, a double lumen weighted tube (internal diameter 4 mm) was passed through the nose so that the tip lay approximately 6 inches beyond the duodenojejunal flexure under fluoroscopic control; its position was confirmed at the end of the test. The resting contents of the duodenum were aspirated and discarded, and the patient drank a Lundh type liquid test meal containing 40 g dextrose, 15 g skimmed milk powder (Casilan) and 2-5 g polyethylene glycol 4000 (PEG), dissolved in 230 ml water and thoroughly mixed with 18 g corn oil.
Sampling (Fig. 1 ) Whenever the flow of fluid from the tube was sufficiently rapid that at least 20 ml could be collected within a few seconds, this sample was used for validation of the technique. After mixing, a 1 ml aliquot (A) was extracted within 20 seconds for analysis of fatty acid concentration. This sample was considered to be the most accurate estimate of the intraluminal concentration before artefactual lipolysis. A 7 ml aliquot (B) in an Erlenmeyer flask was swirled by hand in a 70°C water bath for one minute and then left in the water bath for a further nine minutes exactly as described by Hofmann and Borgstrom." An 11 ml aliquot (C) was immediately adjusted to pH<3 using 1N-HCl and kept at 0°C in crushed ice. A 1 ml aliquot (D) was stored untreated after immediate measurement of its pH. All aspirate not used for this purpose was pooled and analysed for trypsin and lipase as a test of pancreatic function.
Laboratory procedures (Fig. 1 A separate experiment was then performed to check that cooling samples did not irreversibly alter the partitioning of lipids after rewarming. In eight different subjects, postprandial chyme was collected at 37°C and stirred at this temperature for three hours, in order to ensure that lipolysis had reach equilibrium. A 10 ml sample of this fluid was then acidified as in C, and divided in two. Half was cooled to 0°C until being restored to its original pH and ultracentrifuged overnight at 100 000 g, 37°C.
The other half was held at 37°C, then stored and ultracentrifuged in the same machine. Aqueous phases were separated and analysed for fatty acid, and for total saponifiable lipid. All fatty acid estimations were performed together on the day following collection (using 0.01 M tetra-n-butyl ammonium hydroxide). The results were corrected for dilution by the volumes of acid and alkali added in initial treatment.
EXPERIMENTAL METHODS: INVESTIGATION OF HEALTHY SUBJECTS
Intubation and meal were as described above. Sampling ( Fig. 2 ) As much jejunal content as possible was collected continuously by siphonage and syringe aspiration into ice cooled 10 ml measuring cylinders. The second lumen of the tube was used as an air vent. Each time sufficient sample was obtained (c. 3 ml), its pH was measured immediately with a glass electrode. It was then mixed and divided in two. Half was assigned to the appropriate one of three pH pools (pH<5, pH 5-6, pH>6) and the pools maintained at a pH below 3 by the addition, after each sample, of about 0*1 ml 1N-HCl per 3 ml of sample. The other half was assigned to one of three similar pH pools which were not acidified. All pools were kept at 0°C in crushed ice. At the end of each hour, the pH of each untreated pool was noted, and new pools started. The test was concluded three hours after the administration of the meal. There could thus be a maximum of three treated and three untreated pools for each of three hours -18 in total.
Laboratory procedures (Fig. 2 ) Treated pools: on the afternoon of collection, each treated pool was restored to its original pH (the pH recorded for the corresponding untreated pool) with 1N-NaOH. An aliquot was extracted immediately in ethanol-toluene for titration of total fatty acid concentration.14 A 5 ml aliquot was loaded into an ultracentrifuge precooled to 0°C, and centrifuged overnight after resetting the temperature control to 37°C as described above. The aqueous phase was removed in its entirety, mixed, and an aliquot extracted and titrated for aqueous phase fatty acid concentration. 14 Total and aqueous phase saponifiable lipids were extracted and titrated similarly after alkaline hydrolysis in 5% ethanolic KOH. All titrations were performed together on the day after collection and the results corrected for dilution as described above. Both fatty acid and total lipid concentrations are expressed in terms of mmol of fatty acid titrated. Untreated pools: on the afternoon of collection, 5 ml aliquots of each pool were ultracentrifuged similarly. 180 aspirated at pH<5 probably reflects our more distal aspiration site, and also the fact that a minimum dial PEG requirement of 3 ml of aspirate to measure pH time in pilot study of would tend to obscure extremes of pH in either ns fell almost to zero direction.
The gradient of pancreatic enzyme activity with pH probably reflects intraluminal inactivation, as differences in dilution have been excluded by the eversibly alter the similar PEG concentrations at each pH. This interxeen aqueous and pretation is supported by the decreased lipolysis at e of acid inactiva-low pH, showing that the decrease in lipase activity it inactivation and exerted a functional effect on lipolysis. inherent in heat We have shown a marked gradient of bile acid )rs have simplified precipitation with pH. The figure for pH 5-6 is close ivation by pooling to that for pH>6, as would be expected from the tes before heating in vitro observation that the critical pHs of precipid at room temper-tation for glycine conjugates are slightly below 5ow ate was collected Bile acid precipitation resulted in a marked gradient ined at 70°C for at of aqueous phase bile acid concentration with pH; at ication may lead to pH<5 only half the available bile acid was in is phospholipase aqueous solution and able to contribute to micelle temperature.2 In formation. The finding of 18% bile acid precipirrest phospholipo-tation at pH>6, well above the critical pH, suggests acid concentration that binding of bile acid to food residue also reduces phospholipolysis; aqueous bile acid concentration. We have demonnhibited at pH 3.24 strated a similar degree of binding to the protein d solubilisation in content of the Lundh meal in vitro.31 Glycine lower than those conjugated bile acid remaining in solution at pH<5 23 25 26 probably is likely to be reabsorbed in the jejunum by passive of our method for non-ionic diffusion32 further reducing intraluminal bile acid concentration. The reduction in total bile to aspirate post-acid concentration at pH<5 is unlikely to be caused I alter gastric acid by greater dilution by gastric acid, as PEG and total nptying.27 The use lipid concentrations did not vary with pH. It is more nore physiological likely to be because of precipitation of bile acid onto neals elicit greater pieces of debris not recovered up the tube. The herefore tend to figure of 48% bile acid precipitation at pH<5 may erved. The use of therefore be an underestimate. er of dilution for Analysis of the experiment in relation to time, ases of intestinal rather than pH, supports our findings, as the results but criticised.30 In expressed as hourly pools were calculated quite PEG at each pH independently of the pH of individual samples. The ting that it was an fall in pH in the second hour from 6*2 to 5*3 was ring pH pools. The associated with a significant increase in bile acid precipitation and fall in aqueous phase bile acid concentration, leading to a significant reduction in the proportion of fatty acid solubilised. We did not detect inactivation of trypsin or lipase accompanying this slight fall in pH, and lipolysis remained constant.
Three pH dependent factors may reduce the digestion and solubilisation of non-polar dietry triglyceride at pH<5: (i) lipase inactivation reducing lipolysis; (ii) bile acid precipitation reducing solubilisation of the polar products of lipolysis (fatty acid and monoglyceride) into the aqueous phase; (iii) partitioning of protonated fatty acid into the oil phase at pH<6, even in the presence of an adequate bile acid concentration.4 This possibility was not evaluated in studies showing a correlation between pH and lipid solubilisation in Zollinger-Ellison syndrome5 and pancreatic insufficiency.33 Our results can be used to separate all three pH effects. The marked pH gradients we found for aqueous phase lipid (total saponifiable) and fatty acid concentrations reflect the combined effect of all three factors. The gradient for the proportion of total fatty acid in the aqueous phase eliminates the effect of lipase inactivation and reflects only bile acid precipitation and fatty acid partitioning. To separate the contribution of these two factors in vivo is problematic since reduction of pH below 6.0 affects both simultaneously. Analysis of covariance, by removing variation between individuals, reveals a linear relationship between the proportion of fatty acid in the aqueous phase and bile acid precipitation ( We conclude that even in health a significant proportion of a meal passing down the upper jejunum is exposed to an intraluminal pH below 5 which allows lipase inactivation, fatty acid partitioning and bile acid precipitation to interfere with solubilisation of dietary fat. Our studies were limited to the upper jejunum, but the classical studies of Borgstrom and colleagues6 indicated that the absorption of dietary fat begins in the duodenum and is completed in the proximal 100 cm of the jejunum, a conclusion supported by a recent authoritative review.34 Thus we were studying that part of the small intestine of most importance for digestion, solubilisation and absorption of dietary fat. In health, there is a large reserve function for these processes further down the small intestine. These studies form a baseline for comparison with diseased states (i) where this reserve function is reduced, as in the steatorrhoea that follows surgical resection of the ileum, (ii) where bile acid secretion may be reduced so that bile acid precipitation has a critical effect on aqueous phase bile acid concentration, again as in ileectomy steatorrhoea, (iii) where intraluminal pH may fall more often as in pancreatic exocrine insufficiency.33
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